Objective: Obesity may alter serum steroid concentrations and metabolism. We investigated this in healthy young women with increased body fat and their leaner co-twin sisters. Design: Age and genetic background both strongly influence serum steroid levels and body composition. This is a cross-sectional study of 13 female monozygotic twin pairs (age, 23-36 years), ten of which were discordant for body mass index (median difference in body weight between the co-twins, 19 kg). Methods: We determined body composition by dual energy X-ray absorptiometry and magnetic resonance imaging, serum androgens by liquid chromatography-tandem mass spectrometry, and mRNA expression of genes in subcutaneous adipose tissue and adipocytes. Results: The heavier women had lower serum dehydroepiandrosterone (DHEA), dihydrotestosterone (DHT), and sex hormone-binding globulin (SHBG) (P < 0.05 for all) compared to their leaner co-twins with no differences in serum testosterone or androstenedione levels. Serum DHEA correlated inversely with %body fat (r = −0.905, P = 0.002), and DHT positively with SHBG (r = 0.842, P = 0.002). In adipose tissue or adipocytes, expressions of STS (steroid sulfatase) and androgen-related genes were significantly higher in the heavier compared to the leaner co-twin, and within pairs, correlated positively with adiposity but were not related to serum androgen levels. None of the serum androgen or SHBG levels correlated with indices of insulin resistance. Conclusions: Serum DHEA levels were best predicted by %body fat, and serum DHT by SHBG. These or other serum androgen concentrations did not reflect differences in androgen-related genes in adipose tissue. General or intra-abdominal adiposity were not associated with increased androgenicity in young women.
(DHEA), DHEA sulfate, and androstenedione are secreted by the adrenals and ovaries and serve as circulating precursors for intra-tissue androgen and estrogen synthesis after diffusion, or for sulfated steroids, after active transport into the cells [5] . In addition to adrenal androgens, circulating estrone sulfate may serve as a precursor for the local synthesis of active estrogens in female adipose tissue [6] .
Obesity is often associated with metabolic dysfunction of adipose tissue, including increased insulin resistance, lipolysis, and inflammation but the effects on sex steroid metabolic pathways are not well known. Obesity-related inflammation may lead to altered estrogen signaling via increased expression and activity of aromatase, as studied in breast adipose tissue [7] . Regarding androgen metabolism in adipose tissue, both activating and inactivating enzymes have been correlated with obesity [4] , however, androgen inactivation may be the dominant pathway [8] . Androgens may impair differentiation of preadipocytes and adipogenesis in human female adipose tissue but the effects on lipid accumulation or lipolysis are not clear [2] . In addition to alterations in adipose tissue intracrinology, increased adiposity in women at different ages has been associated with higher circulating concentrations of total or bioavailable testosterone in cross-sectional [9, 10] or prospective studies [11] , along with reduced serum sex hormone-binding globulin (SHBG) concentrations [9, 11] . In fertile-aged women, the relation between body composition and serum androgen concentrations is not clear. Some studies have found a positive correlation between circulating free testosterone and waist to hip -ratio [12] [13] [14] , and other studies a negative [15, 16] or no correlation [12] between serum total testosterone levels and central accumulation of fat.
Genetic factors and age appear to explain much of the variability in serum concentrations of steroid hormones [17, 18] , and both of these are important determinants of body composition too, which may have confounded many previous studies. Therefore, to characterize associations between adiposity and sex steroid hormone metabolism in fertileaged women we studied young adult female monozygotic (MZ) twin pairs. The majority of them were discordant for body mass index (BMI; intra-pair difference in BMI ≥ 3.0 kg/m 2 , median, 6.6 kg/m 2 ) but naturally completely matched for genetic effects and age. Due to fluctuation of estrogen levels during the menstrual cycle, the emphasis in serum analyses was on androgen metabolites. In subcutaneous adipose tissue, we analyzed mRNA expressions of genes for steroid metabolizing enzymes of interest, and in a subgroup of twin pairs, gene expressions were also analyzed in isolated adipocytes.
Experimental

Subjects and study design
This is a cross-sectional study of rare BMI-discordant and randomly chosen BMI-concordant control MZ female twin pairs, aged 23-36 years, identified from ten full birth cohorts of Finnish twins [19] . The clinical characteristics of the women have been described in detail in [20] [21] [22] . For the present analyses, we identified 13 pairs, ten BMIdiscordant [within-pair difference (Δ) in BMI ≥ 3 kg/m 2 ] and three concordant MZ twin pairs (ΔBMI < 3 kg/m 2 ) who were either under no systemic hormonal therapy or used the same oral contraceptive regimen within the pair (see flow chart in Supplementary Fig. 1 ). For analyses of serum sex hormones and SHBG, we studied 10 twin pairs with no systemic hormonal therapy. Of them, seven women had an intrauterine progestin-releasing device (levonorgestrel 20 µg/24 h; one full pair, and one leaner and one heavier co-twin from the BMI-discordant group, and one full pair and one leaner co-twin from the BMIconcordant group). In the larger group of 13 twin pairs, used for gene expression analyses, two BMI-discordant pairs used the same oral contraceptive containing 30 µg ethinyl estradiol and 3 mg drospirenon and one pair used 20 µg ethinyl estradiol and 75 mg gestoden. None of the women met the World Health Organization criteria for metabolic syndrome or had a diagnosis of polycystic ovary syndrome.
Both co-twins were examined at the same visit, with collection of blood samples, adipose tissue biopsies, and body composition measurements. Whole-body fat was measured by dual energy x-ray absorptiometry, abdominal subcutaneous and intra-abdominal fat volume by magnetic resonance imaging (MRI), and liver fat by magnetic resonance spectroscopy as described previously [23] . The study was approved by the Ethics Committee of the Helsinki University Hospital and the twins gave written informed consent.
Transcriptomics analyses of subcutaneous adipose tissue and isolated adipocytes
Surgical biopsies of abdominal subcutaneous adipose tissue were taken from the periumbilical region under local anesthesia and snap frozen in liquid nitrogen. Adipocytes were isolated from part of the samples as previously described [24] . Total RNA for adipose tissue and adipocytes was extracted as described in [20] . Affymetrix U133 Plus 2.0 chips were used for transcriptomics analyses [21] . The Affymetrix data has been validated with RT-qPCR [21, 22] . In the present study, we examined mRNA expression of genes for steroid metabolizing enzymes.
Quantitative determination of serum hormones and other serum analyses
Blood was drawn after an overnight fast between 0700 and 0900 h, separated, and frozen at −80°C until assays. Serum DHEA [25] , testosterone [26] , and dihydrotestosterone (DHT) [27] ) linear regression analysis of the standard curve. The method was linear at concentrations of 0.5-50 nmol/l (the assay quantitation range) with a correlation coefficient of 0.9995 (n = 10). The mean (SD) analytical recovery of serum spiked with androstenedione was 85 (4.8)% (n = 17). The limit of detection was 30 pmol/l with a signal-to-noise ratio > 3. The limit of quantification was determined as accuracy within 15% and precision < 20%. Inter-assay coefficient variation (< 10% in ten assays) was calculated from repeated measurements of three quality-control samples (Lyphochek, Bio-Rad Laboratories, Inc., Hercules, USA). These serum-based control samples were analysed in every assay and stored at −20°C.
Serum SHBG, follicle-stimulating hormone (FSH) and luteinizing hormone (LH) were determined as described previously [28] . Serum free testosterone was calculated according to Anderson's equation [28, 29] . Fasting plasma glucose, fasting serum insulin, serum highsensitivity C-reactive protein (hs-CRP) and serum adipokines were measured as described in [22] . Measures of insulin sensitivity/resistance (Matsuda index and the homeostasis model assessment of insulin resistance, HOMA-IR) were calculated from a 75 g oral glucose tolerance test [22] .
Statistical analysis
Data are expressed as median (range) for variables with a nonnormal distribution, or as mean (standard deviation, SD). Differences between the leaner and heavier co-twins were assessed with Wilcoxon signed ranks test. Intra-pair difference (Δvalue) was calculated by subtracting the leaner twin's value from the heavier co-twin's value and used to evaluate associations between different clinical variables within pairs (Spearman's correlation or multivariate linear regression). Statistical analyses were performed using SPSS Statistics software (version 22.0). The level of significance (two-tailed) was P < 0.05.
Results
Clinical characteristics
The clinical characteristics of 13 twin pairs including 10 pairs discordant for BMI are presented in Table 1 . For BMI-discordant twin pairs, the median within-pair difference in body weight was 19 kg (10-50 kg), and the heavier co-twin had a median of 15 kg (9-30 kg) more total body fat, 2.8 (1.2-5.3) times more intra-abdominal fat and 3.9 (1.1-10.3) times more liver fat compared to the leaner co-twin. The heavier co-twins also had higher circulating leptin levels and were more insulin resistant (Table 1) .
Serum androgen concentrations and adiposity in the heavier and leaner co-twins
Concentrations of serum DHEA, DHT and SHBG were lower in the heavier compared to the leaner co-twins of the BMI-discordant pairs (Table 1) . Serum androstenedione, total or free testosterone, the free androgen index (FAI, calculated as testosterone × 100/SHBG), LH or FSH concentrations did not differ between the leaner and heavier cotwins (Table 1) .
Next, we studied the associations between body fat distribution and serum androgen or SHBG concentrations within BMI-discordant and -concordant twin pairs and found the following inverse correlations: 1) Δpercent body fat with serum ΔDHEA (Fig. 1) , 2) Δintra-abdominal fat with ΔDHEA, ΔDHT, and ΔSHBG ( Fig. 1) , and ΔBMI and Δsubcutaneous fat with ΔSHBG (r = −0.804, P = 0.005, and r = −0.688, P = 0.028, respectively). Liver fat did not correlate with SHBG (r = −0.115, P = 0.75) or with serum hormone concentrations (data not shown) within pairs. In agreement with SHBG being the principal carrier protein of serum DHT, ΔDHT correlated strongly positively with ΔSHBG within pairs (Fig. 1) . ΔDHEA did not correlate significantly with ΔSHBG (r = 0.619, P = 0.10). Serum concentrations of androstenedione or total or free testosterone did not correlate with intra-abdominal adiposity (Δtestosterone vs. Δintra-abdominal fat, r = −0.333, P = 0.35; Δfree testosterone vs. Δintra-abdominal fat, r = −0.006, P = 0.99) or with any other of the body composition measures within twin pairs (data not shown). In multivariate analysis using linear regression, Δpercent body fat was an independent predictor of ΔDHEA in a model including Δpercent body fat, Δsubcutaneous fat, and Δintra-abdominal fat as independent variables (Supplementary Table 1 ). ΔSHBG was the most significant predictor of ΔDHT in a model including Δpercent body fat, Δsubcuta-neous fat, Δintra-abdominal fat, and ΔSHBG as independent variables (Supplementary Table 1 ). For serum SHBG, neither Δpercent body fat, Δsubcutaneous fat nor Δintra-abdominal fat was an independent predictor (Supplementary Table 1 ).
Associations between serum androgen or SHBG levels and measures of insulin resistance within MZ twin pairs
Within twin pairs, Δtestosterone correlated inversely with Δfasting plasma insulin (r = −0.661, P = 0.038); the correlation of Δtestosterone with ΔHOMA-IR, a surrogate measure of hepatic insulin resistance, was weaker (r = −0.624, P = 0.054). When Δadiposity was taken into account in a multivariate analysis, Δfasting plasma insulin was no longer independently associated with Δtestosterone. No significant correlations of serum DHEA, androstenedione, free testosterone, DHT, SHBG, or FAI with fasting plasma insulin or glucose levels, or indices of insulin sensitivity/resistance within pairs were observed. , and 3 BMI-concordant pairs. N = 8 pairs for Δserum DHEA (6 BMI-discordant and 2 concordant twin pairs); Spearman's correlation]. Intra-pair difference (Δvalue) was calculated by subtracting the leaner twin's value from the heavier co-twin's value. Intra-abdominal fat volume was determined by magnetic resonance imaging, percent body fat by dual energy x-ray absorptiometry and serum hormone concentrations by LC-MS/MS as described in the methods section. Least squares was the method used for curve fitting. DHEA, dehydroepiandrosterone; DHT, dihydrotestosterone; SHBG, sex hormone-binding globulin.
mRNA expression of genes for steroid metabolizing enzymes in adipose tissue or isolated adipocytes in the heavier and leaner co-twins
Those gene mRNA expressions that differed between the heavier and leaner co-twin of the BMI-discordant pairs are shown in Fig. 2 , a simplified scheme of steroid hormone metabolic pathways. In both the whole adipose tissue and adipocytes, the mRNA expressions of STS (steroid sulfatase) and AKR1C3 (testosterone from androstenedione) were higher in the heavier compared to the leaner co-twin (Figs. 2 and  3 ). In addition, expression of AKR1C2 (inactivation of DHT) was upregulated in the heavier women's adipocytes (Figs. 2 and 3) . In contrast, HSD17B12 (estrogen activation) and HSD17B8 (estrogen inactivation) were less expressed in the heavier compared to the leaner co-twin's adipose tissue (Fig. 2) .
Associations between mRNA expressions of genes and measures of adiposity within MZ twin pairs
Next, we assessed whether the magnitude or distribution of body fat associated with the genes that were differentially expressed between the heavier and leaner co-twins (Figs. 2 and 3) . We found significant associations for six genes of the steroid metabolic pathway in at least one of the three body fat measures ( Table 2 ). All associations were significant for percent body fat, five with subcutaneous fat and one with intra-abdominal fat (Table 2) . Of the five adipose tissue gene expressions, percent body fat was the only explanatory factor accounting for the variation in gene expression in adipose tissue (Supplementary  Table 2 ).
For isolated adipocytes, Δsubcutaneous fat correlated with ΔSTS (r = 0.783, P = 0.013) and ΔAKR1C2 expressions (r = 0.767, P = 0.016) and Δintra-abdominal fat with ΔSTS and ΔAKR1C2 (Fig. 4) . Interestingly, we additionally found out that Δadipocyte STS expression was positively related to serum leptin concentration within twin pairs (Fig. 4) . In multivariate analysis, intra-abdominal fat and/or leptin was important regarding adipocyte expressions of ΔSTS and ΔAKR1C2 (Supplementary Table 2 ). Serum adiponectin did not correlate with the adipocyte expression of STS within pairs (r = 0.233, P = 0.55).
Discussion
We investigated androgen metabolism in relation to obesity in healthy young women aged 23-36 years. In the unique setting of MZ twin pairs discordant for BMI, the heavier women had much more total body fat compared to their leaner co-twins, providing the opportunity to analyze the associations between increased body fat, its distribution and hormonal parameters in women completely matched for genetic background, age and even many early environmental exposures. The heavier women had lower serum concentrations of the adrenal precursor androgen DHEA, DHT, the most potent androgen, and SHBG. Among adiposity variables, intra-abdominal fat was increased by almost threefold in the heavier co-twins and showed significant inverse correlations with serum DHEA, DHT and SHBG within pairs. Serum DHEA also correlated inversely with percent body fat, which was an independent predictor of its serum levels. In line with the present data, previous studies have reported inverse correlations between serum DHEA and BMI [13, 17, 30] . The results concerning correlations between serum DHEA and visceral fat content have been more variable [9, 10] , and this can be explained, for example, by confounding by age, an important determinant of circulating DHEA in both sexes [31] .
The sulfate ester of DHEA is the most abundant steroid in human blood and a source of active hormones produced locally in adipose tissue [32, 33] . DHEA sulfate needs to be actively transported into the cell for hydrolysis by steroid sulfatase yielding free DHEA [5] . The gene expression of steroid sulfatase (STS) was significantly upregulated in the whole subcutaneous adipose tissue and in isolated adipocytes from the heavier compared to the leaner co-twins. We have recently shown in studies in vitro that hydrolysis of both DHEA sulfate [32] and estrone sulfate [6] take place in human subcutaneous and visceral adipose tissue suggesting that increased action of steroid sulfatase might, especially in postmenopausal women, provide more precursors for local estrogen synthesis, possibly even having some impact on serum levels. In young adult women with normal ovarian sex hormone production, a Fig. 2 . A simplified scheme of steroid-metabolizing pathways of interest in female subcutaneous adipose tissue and in isolated adipocytes. The relative mRNA expressions of genes that differed between the heavier and leaner co-twin of the BMI-discordant pairs are indicated with bold arrows. Red denotes upregulation and blue downregulation of gene expression in the heavier vs. leaner monozygotic co-twins. Starting from the right-hand corner, the mRNA expression of STS (hydrolysis of DHEA sulfate and estrone sulfate) was upregulated in the heavier compared to the leaner co-twin. No significant expression of the sulfotransferases responsible for the reverse reaction (SULT1E1, SULT2A1, or SULT2B1) was detected. While the step from DHEA to androstenedione (HSD3B1) was not changed, the next step to testosterone (AKR1C3 expression) was significantly upregulated in the heavier co-twins. SRD5A1 (conversion of testosterone to DHT) expression did not differ between the co-twins, but AKR1C2 (inactivation of DHT to 3α-diol) expression was upregulated in the heavier women's adipocytes. Several genes responsible for interconversion between estrone and 17β-estradiol were also changed between the co-twins: HSD17B12 (reduction of estrone to 17β-estradiol, P = 0.047) and HSD17B8 (oxidation of 17β-estradiol to estrone, P = 0.009) were less expressed in the heavier compared to the leaner co-twin's adipose tissue and HSD17B4 (P = 0.028) was more, and HSD17B10 less expressed (P = 0.018) in adipocytes. HSD11B1 expression (cortisol activation) was upregulated in the heavier co-twins. *) Statistically significant difference in mRNA expression between the leaner and heavier co-twin detected only in isolated adipocytes; #) statistically significant difference in mRNA expression between the leaner and heavier co-twin detected only in whole adipose tissue (Wilcoxon signed ranks test). STS, steroid sulfatase; AKR1C, aldoketoreductase 1C family; HSD17Bs, 17β-hydroxysteroid dehydrogenases; 3α-diol, 5α-androstane-3α,17β-diol; HSD11B1, 11β-hydroxysteroid dehydrogenase 1.
possible increase in steroid sulfatase action would impact local steroid metabolism in fat tissue.
To the best of our knowledge, this is the first study describing a positive relation between adipocyte mRNA expression of STS and serum leptin. Leptin is an adipokine the synthesis of which is increased in obesity and which has been shown to stimulate aromatase expression in stromal adipose cells [34] . The present results suggest that leptin might be involved in the regulation of steroid sulfatase expression in adipocytes. However, as the actual steroid sulfatase enzyme activity does not necessarily correlate with its mRNA expression levels [5, 6] , more studies are needed to clarify the role of leptin.
Serum concentrations of androstenedione, total or free testosterone, or FAI did not differ between the heavier and leaner female co-twins, nor did they correlate with intra-abdominal or general adiposity within pairs. Some studies have reported higher concentrations of bioavailable testosterone and thus, possibly greater androgenicity in women with increased visceral adiposity [9, 11] , but our results indicate that this was not the case in healthy fertile-aged women. Consistent with our data, a randomized trial of weight loss among overweight premenopausal women did not find any significant associations between changes in the amount of visceral or subcutaneous adipose tissue with changes in serum testosterone [35] . In our study, the significant differences in mRNA expression of genes between the heavier and leaner co-twins suggested that the local metabolism of androgens and estrogens in fat tissue might be altered in obesity. The differences in adipose tissue gene expressions within twin pairs were not, however, associated with respective changes in hormone concentrations in the systemic circulation. In addition to STS, percent body fat correlated strongly positively with the expressions of AKR1C1, 2 and 3, and intra-abdominal fat volume was an independent predictor of higher STS and AKR1C2 expressions in isolated adipocytes, indicating that body fat distribution seemed to be related to upregulation of mRNA expression of these genes. One study has reported a positive correlation of BMI with the expression of AKR1C3 in subcutaneous fat, and even suggested a possible impact on circulating androgen levels [36] . Earlier studies using different methodology have yielded varying results on the correlation between central adiposity and serum androgen levels in premenopausal women [12, [14] [15] [16] and studies directly comparing serum androgen levels between obese women and non-obese control women are rare [13] . Furthermore, many studies have included both premenopausal and peri-to postmenopausal women [9, 11, 37] , or only normal-weight women [10] . We believe that ours is the first study to compare serum androgen levels and adipose tissue gene expression of their metabolizing enzymes in fertile-aged women with increased body fat with their highly matched, substantially leaner controls.
Our data also demonstrate that in these healthy, young women, serum androgen or SHBG concentrations were not related to insulin sensitivity/resistance. Circulating SHBG has been previously shown to associate inversely with liver fat in men and women [38] , however, in our study within female MZ twin pairs completely matched for age and Fig. 3 . mRNA expression of genes in the heavier and leaner co-twins in subcutaneous adipose tissue and in isolated adipocytes. The relative mRNA expression levels for genes of interest in abdominal subcutaneous adipose tissue (a), (c), (e), (g), and on the right, in isolated adipocytes in the heavier and leaner co-twins (b), (d), (f), (h) (Wilcoxon signed ranks test; n = 10 female monozygotic twin pairs discordant for body mass index, ΔBMI ≥3 kg/m 2 ). N = 7 pairs for gene expressions in adipocytes. Statistically significant P values are bolded. The within-pair differences (Δvalues) were calculated by subtracting the leaner twin's value from the heavier co-twin's value. Sc, subcutaneous; Ia, intra-abdominal; r, correlation coefficient.
genetic factors and fairly low liver fat values, no such correlation was observed. Serum SHBG was the best predictor of serum DHT concentration within pairs. Increased gene expression of DHT-inactivating AKR1C2 enzyme, while observed in isolated adipocytes, was not detected in whole subcutaneous adipose tissue from heavier women, leaving the possibility of enhanced catabolism of DHT unsupported. However, AKR1C2 expression in isolated adipocytes correlated strongly with intra-abdominal fat volume measured by MRI, in line with earlier studies reporting enhanced AKR1C mRNA expression and activity in omental adipose tissue in women with visceral obesity [39, 40] . Previously we have found decreased circulating SHBG and DHT concentrations as well as increased expression of AKR1C2 and AKR1C3 genes in subcutaneous adipose tissue from the heavier men in young adult male MZ twin pairs discordant for BMI [28] . Thus, in both sexes, increased adiposity seems to be associated with somewhat similar features in SHBG and androgen metabolism.
The strengths of our study include the carefully phenotyped MZ twin pairs discordant for BMI, a design where the lean and heavy study groups can be compared without confounding by genetic factors, age and sex. LC-MS/MS was used as the analytical method, and the accuracy of the steroid analytical method is especially important when analyzing relatively low androgen concentrations in women, or samples with a varying content of lipids. The limitations include the cross-sectional design which does not provide information about the direction of causation between adiposity and steroid metabolism. Also, ideally, protein levels and enzyme activities in the adipose tissue would complement gene expression results. All co-twins were examined at the same visit to minimize the diurnal or seasonal variation in circulating androgen or SHBG concentrations, but the twins could not be matched for the phase of the menstrual cycle. Due to the extreme rarity of BMIdiscordant MZ twin pairs, our sample size is small. This may reduce the statistical reliability of multivariate analysis.
In summary, we here show that independent of genetic effects and age, healthy, young adult women with increased body fat mass had lower serum concentrations of DHEA, DHT and SHBG compared to leaner women. Percent body fat was the best predictor of the serum level of DHEA, but for serum DHT level the concentration of its carrier protein, SHBG, was the best predictor. Previous reports linking female adiposity with androgenicity were not confirmed, and no independent associations between insulin sensitivity or resistance and serum levels of androgen or SHBG were observed. The increased expressions of steroid sulfatase and androgen-related genes in subcutaneous adipose tissue in heavier compared to leaner co-twins did not appear to influence serum steroid levels but may have influenced local steroid metabolism in adipose tissue.
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